Purpose Identification of vulnerable plaques remains crucial for better cardiovascular risk assessment. At least 20% of inflammatory cells within unstable (vulnerable) plaques comprise T lymphocytes, which contain receptors for interleukin-2 (IL-2); those receptors can be identified by scintigraphy with radiolabelled IL-2.The aim of this study was to identify the "inflamed" (vulnerable) plaques by scintigraphy using IL-2 labelled with 99m Tc in the selected, high cardiovascular risk group of end-stage renal disease (ESRD) patients. Methods A total of 28 patients (18 men, 10 women, aged 55.2±9.6 years, 17 on peritoneal dialysis, 11 on haemodialysis) underwent common carotid artery (CCA) scintigraphy with the use of 99m Tc-hydrazinonicotinamide (HYNIC)-IL-2. In all cases, ultrasound examination of the CCA was performed and levels of selected proinflammatory factors, atherogenic markers and calcium-phosphate balance parameters were measured. Finally, the target to non-target (T/nT) ratio of IL-2 uptake in atherosclerotic plaques with intima-media thickness (IMT), classic cardiovascular risk factors and concentrations of the measured factors were compared.
(IL-2); those receptors can be identified by scintigraphy with radiolabelled IL-2.The aim of this study was to identify the "inflamed" (vulnerable) plaques by scintigraphy using IL-2 labelled with 99m Tc in the selected, high cardiovascular risk group of end-stage renal disease (ESRD) patients. Methods A total of 28 patients (18 men, 10 women, aged 55.2±9.6 years, 17 on peritoneal dialysis, 11 on haemodialysis) underwent common carotid artery (CCA) scintigraphy with the use of 99m Tc-hydrazinonicotinamide (HYNIC)-IL-2. In all cases, ultrasound examination of the CCA was performed and levels of selected proinflammatory factors, atherogenic markers and calcium-phosphate balance parameters were measured. Finally, the target to non-target (T/nT) ratio of IL-2 uptake in atherosclerotic plaques with intima-media thickness (IMT), classic cardiovascular risk factors and concentrations of the measured factors were compared.
Results Increased 99m
Tc-HYNIC-IL-2 uptake in atherosclerotic plaques in 38/41 (91%) cases was detected. The median T/nT ratio of focal 99m Tc-HYNIC-IL-2 uptake in atherosclerotic plaques was 2.35 (range 1.23-3.63). The mean IMT value on the side of plaques assessed by scintigraphy was 0.79± 0.18 mm (median 0.8, range 0.5-1.275).
Correlations between T/nT ratio and homocysteine (R00.22, p00.037), apolipoprotein B (apoB) (R00.31, p00.008), apoB to apoA-I ratio (R00.29, p00.012) and triglyceride concentration (R 00.26, p 00.021) were detected. A lower T/nT ratio in patients with better parameters of nutritional status (haemoglobin, albumin, adiponectin) in comparison with patients with worse nutritional parameters (3.20±0.5 vs 2.16±0.68, p00.025) was revealed as well as a difference between values of T/nT ratio in groups of patients with values of apoB, soluble CD40 ligand and asymmetric dimethylarginine above and below median (3.18± 0.52 vs 2.16±0.68, p00.031). No statistically significant association was found between T/nT ratio and mean value of either IMT 
Introduction
Routinely used methods for quantification of short-term cardiovascular risk are considered inefficient. Most of the available methods are based on insight into the arterial lumen, namely assessment of atherosclerotic plaque size, its degree of calcification or intima-media complex thickness measurements. These methods may, however, be imprecise in identifying "vulnerable patients" with plaques at the highest risk of rupture. Providing such information would seem to be very important since it may potentially result not only in more sensitive selection of patients for invasive procedures, but also for choosing candidates best suited to aggressive conservative treatment (leading to stabilization of "vulnerable" plaques). This kind of information may potentially be obtained with scintigraphy using deliberately chosen tracers. Among a variety of candidates, the most promising substances are those involved in regulation of the inflammatory process.
Interleukin-2 (IL-2) was identified in 1975 as a growth factor for T lymphocytes and is now considered one of the most important modulators of the inflammatory response. IL-2 is produced mainly by the CD4+ lymphocyte subpopulation, and its biological activity is attained after binding to specific receptors located, among other target cells, on these lymphocytes [1] . IL-2 induces autoproliferation of helper T cells and cytotoxic lymphocytes as well as B lymphocytes, NK (natural killer) and memory cells [2] . IL-2 secretion by activated lymphocytes also stimulates other immunomodulating cytokines, such as interferon gamma (IFN-γ) or tumour necrosis factor beta (TNF-β), which in turn interact with cells from the monocyte/macrophage lineage, endothelial layer and fibroblasts leading to fibrous cap thickening and plaque vulnerability.
IL-2 radiolabelled with 99m Tc or 123 I has previously been proven a useful tracer in imaging of the lymphocytic tissue infiltration in patients with autoimmune disorders [3] [4] [5] or lymphocyte infiltration into atherosclerotic plaques in patients with symptomatic atherosclerosis [6, 7] .
In certain populations, including patients with end-stage renal disease (ESRD), cardiovascular disease is more common and more accelerated than in the general population. This makes the ESRD group a valuable "model" for advanced and rapidly progressing atherosclerosis, useful for clinical studies. The increased cardiovascular mortality in ESRD patients is based mainly on a chronic inflammatory process (the malnutrition-inflammation-atherosclerosis syndrome) as well as chronic anaemia, bone and mineral disorders, hypertension and uraemia with derangement of the biochemical milieu with accumulation of several cardiotoxic and atherogenic substances. Most of these abnormalities mentioned are poorly corrected with dialysis [8] .
Serum concentrations of a wide range of inflammatory agents that promote atherosclerosis or indicate severity of endothelial impairment are used to evaluate the cardiovascular risk in ESRD patients [9, 10] as well as in the general population [11] [12] [13] [14] . Simultaneous assessments of several agents enable better cardiovascular risk estimation because none of them is sufficient as a single risk indicator.
The aim of the study was to identify the "inflamed" (vulnerable) atherosclerotic plaques within common carotid arteries (CCA) using 99m Tc-labelled IL-2 scintigraphy in a selected group of ESRD patients who are at high cardiovascular risk.
Materials and methods
A total of 28 patients (10 women, 18 men, aged 55.2±9.6 years) were included in the study. All patients were treated with dialysis (17 on peritoneal dialysis, 11 on haemodialysis) due to ESRD for a median period of 38.4 months (range 4-133 months). Fifteen patients had diagnosed angina pectoris in a stable state (including three patients with a history of myocardial infarction). Information about other "classic" cardiovascular risk factors (age, sex, diabetes mellitus, hypertension, hypercholesterolaemia, hyperhomocysteinaemia, smoking) was obtained based on patient histories. The body mass index (BMI) was calculated on the day of scintigraphy. Additionally, information about receiving drugs including statins, angiotensin-converting enzyme inhibitors (ACEI) and angiotensin II receptor antagonists was collected.
The main inclusion criterion was a stable clinical status over a period of at least 2 months prior to assessment (i.e. displaying no symptoms of acute coronary event, neoplasm, infectious or non-infectious inflammatory disease, including dialysis-related peritonitis or vascular access infection). None of the patients suffered from a systemic inflammatory disease or received steroids, non-steroidal anti-inflammatory drugs, antibiotics or immunosuppressive treatment.
In addition to scintigraphy, an ultrasound examination of the carotid arteries was performed in order to assess the amount and localization of atherosclerotic plaques and to measure CCA intima-media thickness (IMT).
Furthermore, serum or plasma levels of selected "traditional" and novel markers of inflammation and atherosclerosis were measured:
Markers of inflammation:
• All of the above analyses were performed in duplicate. Intra-assay variability of measurements was below 3%.
Ten healthy (without any signs of cardiovascular disease) age-and sex-matched volunteers from among our clinic staff served as a control group for biochemical analysis (for certain ethical reasons we found it inappropriate to perform scintigraphy in control subjects).
Method of IL-2 labelling with 99m Tc
The method for 99m
Tc radiolabelling of recombinant human IL-2 (rhIL-2) (Proleukin, Chiron Corp, Emeryville, CA, USA) via hydrazinonicotinamide (HYNIC) leading to the development of a dry kit has been previously described in detail [15] . In that paper we provided the details on tracer optimization, including the HYNIC to IL-2 molar ratio, the influence of HYNIC-IL-2 conjugate mass on specific activity of obtained Tc has been documented in a lymphocyte proliferation assay. These studies resulted in the kit formulation rendering the sterile and ready-to-use 99m Tc-HYNIC-IL-2(tricine-NA)-rhIL-2 stable within 1 h after completion of the labelling procedure. Briefly, the conjugates of HYNIC-rhIL-2 were prepared using 2 molar excess of HYNIC-HCl and purified on a Sephadex G-25 column (PD-10, GE) using 0.05 M phosphate buffer (pH 7.2) and 0.05% sodium dodecyl sulphate (SDS) in order to prevent protein aggregation. Dry kits containing 30 μg HYNIC-rhIL-2 conjugate, glucose, phosphate buffer, SDS, NaCl, ascorbic acid, NA and tricine as co-ligands in vial I, and tricine and stannous chloride in vial II, were prepared. For labelling around 1. Tc radionuclide generator (POLATOM, Poland) was added to vial II. After incubation at room temperature for 20 min, 0.5 ml of the 99m Tc-tricine complex solution was transferred to vial I containing HYNIC-rhIL-2 conjugate, followed by incubation at 75°C for 30 min. After purification on a PD-10 column around 99% pure monomer of 99m Tc-HYNIC-(NA,tricine)-rhIL-2 was obtained with specific activity greater than 4 GBq/mg of rhIL-2 (62.5 GBq/μmol). Aseptic conditions were maintained during tracer preparation and the final product was checked for sterility and bacterial endotoxins.
CCA plaque scintigraphy
The scintigraphic examinations were performed using a dualhead, large field of view e.cam gamma camera (Siemens) equipped with parallel, low-energy high-resolution (LEHR) collimators connected to the syngo MI molecular imaging system workstation.
Single photon emission computed tomography (SPECT) of the neck was performed 1 h after injection of the tracer. Every time 128 frames (acquisition time 45 ) were performed on a 64×64 matrix. The target to non-target (T/nT) ratio for focal 99m Tc-HYNIC-IL-2 uptake was calculated within the largest atherosclerotic plaque previously identified by the CCA ultrasound.
SPECT images were reconstructed using the filtered backprojection (FBP) method of reconstruction using a Hanning filter and an attenuation coefficient of 0.125 cm . Eight to ten transaxial sections, each 2 cm thick, were reconstructed from the origin of the common carotid upwards. Tc-HYNIC-IL-2 uptake as a region of interest (ROI; target, T) was calculated on SPECT images at the level of the carotid bifurcation in the place depicted by ultrasonography. The background (nT) of 99m Tc-HYNIC-IL-2 uptake was counted in the region drawn laterally to the ROI adjacent to the CCA.
CCA ultrasound and IMT measurement
The CCA IMT was assessed in B-mode presentation using GE Vivid 7 equipment with 5/7 MHz linear transducer (GE Healthcare, Chalfont St Giles, UK).
An atherosclerotic plaque was defined as an echostructure with a thickness greater than at least 50% compared to neighbouring sites with protrusion into the vascular lumen. Additionally, IMT was measured as an indicator of atherosclerosis advancement on the far wall of the CCA 2-4 cm proximally from its bifurcation. IMT had been assessed bilaterally, but for the purpose of this analysis the result from the side that displayed the plaque(-s) (or the larger plaque) was used. The CCA ultrasound was performed on the day of the scintigraphy examination about 1 h before injection of the tracer.
Laboratory assessment
Blood for the analyses was drawn on the day of scintigraphy prior to the procedure. Fasting blood samples were taken for analyses of serum concentrations of acute phase reactants, cytokines, adhesion molecules, markers of oxidative stress, calcium-phosphate balance parameters and the extended lipid profile. The blood was centrifuged at a temperature of 22°C at a speed of 3,000 g for 15-30 min and stored at a temperature of −80°until assayed.
The study protocol was reviewed and accepted by the independent Ethics Committee of our University. All patients gave signed informed consent prior to participation in the study.
Statistical analysis
Differences between the studied and control group (biochemical tests) were analysed using the χ 2 test and the Fisher exact test (if small numbers occurred) for categorical variables. The Mann-Whitney tests were applied for continuous variables. The Mann-Whitney test was also used to discover factors associated with the scintigraphy result in the studied group. When categorized independent variables had more than two values, the Kruskal-Wallis tests were applied.
The odds ratios of T/nT higher than median (2.2) were calculated using logistic regression. In tested models, independent variables were used as continuous as well as categorized for terciles. The statistical significance was defined as p <0.05. All calculations were made using the Stata 8.0 statistical package.
Results

Increased
99m Tc-HYNIC-IL-2 uptake was detected in 38 of 41 atherosclerotic plaques (91%) previously visualized by neck ultrasound. The median T/nT ratio of focal 99m Tc-HYNIC-IL-2 uptake in the region of atherosclerotic plaques equalled 2.35 (range 1.23-3.63; average 2.35±0.70). The mean IMT value for the CCA with plaque assessed with scintigraphy averaged 0.79±0.18 mm (median 0.8; range 0.5-1.275). No statistically significant association was found between 99m Tc-HYNIC-IL-2 T/nT ratio and the mean value of IMT. However, the difference in T/nT ratio between atherosclerotic plaques with or without calcification on ultrasound was close to statistical significance (2.35±0.68 vs 1.924±0.55, p00.088) (Fig. 1.) The mean values of measured cytokines, acute phase proteins as well as calcium-phosphate parameters were significantly higher in the group of patients with ESRD as compared to the control group. The values of the lipid profile component, however, were not statistically significantly different between the ESRD patients and the control group (all data presented in Table 1 ).
A statistically significant inverse relationship was found between scintigraphy results (T/nT ratio) and haemoglobin concentration (R0−0.21, p00.02) (Fig. 2a) . Furthermore, the following parameters correlated significantly with T/nT ratio: apoB (R031, p00.008), apoB/apoA-I ratio (R00.29, p 00.012) (Fig. 2b) , homocysteine (R 00.22, p 00.037) (Fig. 2c) and triglycerides (R00.26, p00.021) (Fig. 2d) . Moreover, ADMA concentration, which is considered one of the strongest risk factors for cardiovascular disease, was found to be significantly higher in the group of patients in the third tercile (patients with the highest values) of IL-2 uptake in scintigraphy (Fig. 3) .
The multivariate analysis revealed that patients with a better profile of nutritional parameters (haemoglobin, albumin, adiponectin-all values above median) were characterized with lower T/nT ratio as compared with patients with a worse nutritional profile (haemoglobin, albumin, adiponectin-all values bellow median) (2.16±0.68 vs 3.2±0.5, p00.025) (Fig. 4a) . Similarly, lower values of T/nT ratio were found in groups of patients characterized by all apoB, sCD40L and ADMA concentrations below median compared to concentrations above median (2.16±0.68 vs 3.18±0.52, p00.031) (Fig. 4b) .
No correlations were found between scintigraphy results and cardiovascular events in anamnesis (2.40±0.29 vs 2.23± 0.75, p0NS), classic cardiovascular risk factors, statin or other drug treatment. Only three patients declared active smoking; however, their mean T/nT was 2.60±1.01 whereas in the nonsmoking group it equalled 2.20±0.67, p0NS.
Examples of scintigraphy results obtained in a 54-year-old man on peritoneal dialysis with bilateral calcified carotid plaques and a 48-year-old man on peritoneal dialysis with bilateral non-calcified carotid plaques are presented in Fig. 5a , b.
Discussion
Searching for methods of short-and long-term cardiovascular risk assessment is essential and involves many visualization techniques. Among them, various nuclear medicine techniques offer valuable and specific opportunities due to the wide range of available methods and tracers.
Currently in humans the easiest and most widely available nuclear medicine methods in assessing atherosclerotic plaques are visualizations of the peripheral arteries using SPECT or planar scintigraphy. Several attempts at atherosclerotic plaque imaging were unsuccessful since most of the tracers used did not confirm their clinical utility due to their toxicity [16] , long time of tracer uptake [17] , long clearance time [18] , low values of achieved T/nT ratio [19, 20] or interactions with drugs used in the treatment of cardiovascular disease [21, 22] . However, some of them with the use of Annexin Vas a marker of apoptosis, monocyte chemoattractant protein-1 (MCP-1) as a marker of macrophage infiltration [23] , 111 In-Z2D3 F(ab')2 against proliferating smooth muscles [24] or IL-2 [6, 7] were promising. Among PET tracers the most advanced studies used 18 F-fluorodeoxyglucose (FDG) and they confirmed increased uptake of that tracer in atherosclerotic plaques [25] while the arteries without atherosclerotic plaques did not take up 18 F-FDG [26] . By now, two studies describing IL-2 use in CCA atherosclerotic visualization have been performed, but neither of them has clearly answered the question about the relationship between scintigraphic result and chronic inflammation, considered as a one of the most important cardiovascular risk factors.
Annovazzi et al. were the first investigators to employ 99m Tc-IL-2 to visualize CCA plaques [6] . They demonstrated the correlation between three cytological parameters: the number of IL-2R-positive cells on histopathology, the absolute number of IL-2R-positive cells as well as the percentage of IL-2R-positive cells on flow cytometry and 99m Tc-HYNIC-IL-2 uptake on SPECT. They did not reveal, however, any association between scintigraphy results and plaque echostructure or surface on ultrasound.
To the best of our knowledge, we were the first to publish a pilot study with CCA plaque visualization using 123 I-IL-2 in ESRD patients with high cardiovascular risk [7] . The main findings in that study confirmed the potential usefulness of this tracer and applied examination techniques in visualization of the inflamed atherosclerotic lesions (100% sensitivity of scintigraphy in CCA plaque imaging). In that study we also found a correlation between the quantitative results of scintigraphy, the results of IMT measurement and the subsequent risk of cardiovascular event over the next 3 years of follow-up (data not published yet). These encouraging results inclined us towards testing this approach with a better (safer and cheaper) tracer in a larger group of ESRD patients with slightly lower cardiovascular risk, thus in patients who could take greater advantage of cardiovascular risk assessment. In the current I study and the relatively short time of observation (mean 14 months). The lack of a statistically important impact of classic cardiovascular risk factors on IL-2 scintigraphy in the current study in the first place resulted from a relatively small effect of the single factor in cardiovascular risk and the small groups for statistically important results in multifactor analysis.
In our present study, in addition to plaque localization and IMT measurements, we also assessed the presence of calcifications within the plaque. Surprisingly, we found that plaques with calcifications were characterized by a higher Fig. 2 The correlation between serum concentrations of haemoglobin (a), apolipoprotein B/A-I ratio (b), homocysteine value (c), triglycerides (d) and T/nT ratio of 99m Tc-HYNIC-IL-2 uptake within atherosclerotic plaque in ESRD patients Fig. 3 The differences of T/nT ratio of focal 99m Tc-HYNIC-IL-2 uptake depending on ADMA value (terciles) in CCA walls in ESRD patients value of T/nT as compared to those without calcification (2.35±0.68 vs 1.92±0.55, p00.088). This observation may on the one hand be considered unusual, because many previous studies have shown that calcified plaques are "older", usually with a lower degree of inflammation and thus more stable. On the other hand, it has been demonstrated repeatedly that plaque calcification is an active process with engagement of activated inflammatory cells and proinflammatory cytokines [27, 28] .
The choice of the best biochemical test for cardiovascular risk assessment in everyday practice is difficult due to the overlapping of different diseases in the group of patients with high cardiovascular risk (and especially with chronic uraemia). However, some cytokines (e.g. IL-6, IL-18), acute phase proteins (e.g. CRP, fibrinogen) or components of the lipid profile (triglycerides, LDL-C, apoA-I, apoB) seem to be reasonable tools for assessment of the degree of inflammation and concomitant cardiovascular risk.
In the 123 I-IL-2 study quoted above we failed to find any association between scintigraphy results and biochemical variables, probably because the number of participants was too small or due to different radiopharmaceutical properties of the isotopes.
In the present research, the analysis of the relationship between 99m Tc-HYNIC-IL-2 scintigraphy and the results of the biochemical tests revealed the associations between T/nT and concentrations of haemoglobin, serum homocysteine, ADMA, triglycerides, apoB and apoB/apoA-I ratio. These Tc-HYNIC-IL-2 uptake in patients with values of apoB, sCD40L and ADMA below (1) and above (2) median (2.16±0.68 vs 3.18± 0.52, p00.031) Fig. 5 The scintigraphy results in a 54-year-old man on peritoneal dialysis with bilateral calcified carotid plaques (a) and a 48-year-old man on peritoneal dialysis with bilateral non-calcified carotid plaques (b) correlations may indirectly confirm the link between systemic inflammation (and possibly inflammation activity within an atherosclerotic plaque) and scintigraphy results. Furthermore, in ESRD patients the high inflammatory state and signs of poor nutritional status correlate with higher cardiovascular risk [8] . The multifactor analyses of laboratory data show positive correlation between IL-2 uptake and low values for parameters of nutritional status (haemoglobin, albumin, adiponectin) as well as negative factors (ADMA, apoB, sCD40L). Those positive associations achieved in our study between atherosclerosis and inflammation indicate IL-2 scintigraphy as a potentially valuable method of assessing atherosclerotic plaque inflammatory state.
Conclusion Scintigraphy with 99m
Tc-HYNIC-IL-2 can be considered a useful tool for visualizing the inflamed atherosclerotic (vulnerable) plaque within CCA in ESRD patients. The quantitative results of the carotid artery Tc-HYNIC-IL-2 scintigraphy correlated with serum concentration of certain biochemical markers of cardiovascular risk.
Performing scintigraphy with radiolabelled IL-2 in addition to currently available methods would seem to be a step toward a better assessment of cardiovascular risk by recognizing vulnerable patients through identification of the inflammatory process within an atherosclerotic plaque. This may enable earlier, more aggressive treatment, which may lead to the stabilization of potentially vulnerable plaques.
